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a b s t r a c t
A deterministic theory describing the behavior of an ultrathin lubricant film between two atomically smooth
solid surfaces is proposed. For the description of lubricant state the parameter of excess volumearising due to
chaotization of solid medium structure in the course of melting is introduced. Thermodynamic and shear
melting are described. Dependences of friction force on temperature of lubricant, shear velocity of rubbing
surfaces, and pressure upon surfaces are analyzed. Within the framework of a simple tribological model the
stick–slip mode of friction, when the lubricant periodically melts and solidifies, is described. The obtained
results are qualitatively compared with the experimental data.
& 2010 Elsevier Ltd. All rights reserved.
1. Introduction
Theboundary frictionmodearisingwith lubricant thickness less
than 10 atomic layers is widely investigated so far [1]. Experiments
show that a thin layer of lubricant shows anomalous properties
compared with volume lubricants [2,3]. In particular, the inter-
mittent motion (stick–slip) inherent in a dry friction is observed
[2–4]. Such mode is explained as the solidification caused by
compressionof rubbing surfaces followedby jump-likemelting at a
shear stress larger than the yield limit (‘‘shear melting’’).
There are some phenomenological models, for example, thermo-
dynamic [5], mechanistic [6] and synergetic [7] ones, allowing to
explain the experimental results partially. They are either determi-
nistic [6,7] or stochastic [8,9] in nature. Studies by using molecular
dynamics methods are also known [10–13]. It turns out that the
lubricant provides several kinetic modes with transitions leading to
the stick–slip friction [2,3]. Such transitions are the first-order phase
transitions [14], however, between the states which are not true
thermodynamic phases but the kinetic modes of friction. In work [8]
three modes are found: sliding at low shear velocities, regular stick–
slipmode, and sliding at the high shear velocities. Their existence has
been verified in numerous experiments [1–4,15].
In work [7], within the framework of Lorenz model, to approx-
imate viscoelastic medium, an approach has been developed accord-
ing to which the transition of ultrathin lubricant film from solid- into
liquid-like state results from the thermodynamic and shear melting.
The processes due to self-organization of shear stress and strain fields
and of lubricant temperature are described in view of additive noises
of the specified quantities [16–19] and correlated temperature
fluctuations [20]. In works [18,19] within the framework of this
model the multifractal behavior of stress time series is investigated.
Many physical objects have multifractal characteristics. For example,
this modern direction in physics includes the investigation of fatigue
process [21,22]. The melting of lubricant film under friction between
atomically flat surfaces at different temperature dependences of
viscosity is described in [23]. The reasons for jump-like melting and
hysteresis, observed experimentally [24–26], are considered inworks
[27,28]. Here, realization conditions of these features are determined
with the deformation defect of the shearmodulus taken into account.
In work [29], within the framework of the mentioned model, the
periodic stick–slipmode of friction is describedwhich, however, has a
stochastic component and can be realized only in the presence of
fluctuations. The drawback of the model is that it does not consider
the load applied to the surfaces of friction and that basic equations are
derived by several approximations in [7].
Existence of a considerable quantity of approaches to the solution
of the considered problem is certainly caused by its complexity.
Methodsofmoleculardynamics [10–13]givegoodresults, however, in
this case, to describe each concrete experimental situation it is
necessary to derive various systems of equations and it is therefore
difficult to track a general tendency.Microscopic theories often cannot
explain the behavior of macroscopic quantities which are actually
measured in experiments. Besides,with computermodeling it is often
impossible to describe long-time processes as a result of computing
restrictions. The phenomenological approach, in particular, shown in
this work, gives a chance to bypass the specified difficulties and can
help in connecting the parameters of microscopic theories with
macroscopic measurements. In Ref. [30] it is noted that to describe
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the behavior of contacts in model of earthquakes the effects of plastic
deformation need be considered. This is obviously possible within the
framework of our approachwhich includes rheological parameters. In
work [31] the formal order parameter is used. It is physically
connected with density of dislocations, but it is introduced purely
formally it is equal to 0 in one phase and to 1 in another. After that the
free energy is chosen with extrema at these values of parameters. An
important, in particular for our study, step is taken in [32] for
explanation of the stick–slip friction using free volume as a slowly
relaxing state parameter.
In thepresentwork, the theory isproposedbasedon theexpansion
of free energy of the system into a power series of parameter fwhich,
being squared, represents the excess volume arising from the
formation of defect structure in the lubricant during melting. In the
loadingdiagramthe liquid-like state is usually interpretedas a section
of plastic flow and characterized by the presence of defects in the
lubricant [5]. Constructing ourmodelwe startwith thefirst principles
of thermodynamics.Here, theapproachbasedon themodifiedLandau
theory of phase transitions [33,34] is used to describe strongly non-
equilibrium processes, occurring at sliding of two rubbing solid
surfaces separated by a layer of lubricant. In this paper we are trying
to represent the stick–slip mode of the boundary friction using the
thermodynamic model [35]. But here the entropy factors and non-
homogenous effects are not considered. Thus, the suggestedmodel is
simpler than that of [35], but the basic results are similar.
2. Basic equations
The melting of lubricants whose thickness is less than 10
molecular layers is judged by the increase in their volume [10]
and diffusion factor [10,11,36,37]. Since, of the two, the experi-
mentally observable quantity is the volume, to describe the
lubricant state we introduce parameter f, which, when squared,
stands for the excess volume arising due to chaotization of
structure of a solid medium under melting. With the increase in
fmagnitude the density of defects in the lubricant is growing, and
owing to their transport under the applied stresses the lubricant
passes to a kinetic mode of plastic flow (liquid-like phase). Our
‘‘order parameter’’ is precisely connected with excess volume of a
liquid-like phase over a solid-like phase, and with its respective
excess energy. It can bemeasured. At small values this redundance
is connected with dislocations, at approach to a liquid-like phase it
is a chaotically fluctuating density of medium inherent in a liquid
phase. Within the framework of this work we use the symmetric
model inwhich the excess volume takes zero value in the solid-like
phase of lubricant. Therefore, our approach is more suitable for the
description of behavior of lubricantwith sphericalmolecules,when
all the atoms are closely packed in the solid-like structure. The
excess volume is different from zero in the liquid-like state, it has a
larger value at the high temperature of lubricant. When lubricant
solidifies, the symmetry of state decreases. Thus, this parameter, as
the order parameter, describes the symmetry change at transition.
Let us write down the dependence of the density of free energyF
onexcessvolume in the formofexpansion in termsofparameter f [35]
F¼F0þ
c
2
ðrf Þ2þj0f 214j1f
4þ 1
6
j2f
6, ð1Þ
where F0, c, j0, j1, j2 are expansion constants.
We consider the dependences of elastic strains eeij and lubricant
temperature T on invariants for the smaller expansion powers only
F0 ¼F0þ12lðeeiiÞ2þmðeeijÞ2, ð2Þ
j0 ¼j012lðeeiiÞ2mðeeijÞ2aT : ð3Þ
The first invariant represents the trace of strain tensor
eeii ¼ ee1þee2þee3 and the secondone is definedby the expression [38]
ðeeijÞ2  ðeellÞ22I2 ¼ ðee1þee2þee3Þ22ðee1ee2þee1ee3þee2ee3Þ
¼ ðee1Þ2þðee2Þ2þðee3Þ2: ð4Þ
According to (1), in the lubricant the elastic stresses appear
seij ¼
@F
@eeij
¼ leeiidijþ2meeijðleeiidijþ2meeijÞf 2: ð5Þ
Eq. (5) can take the form of the effective Hooke law [35,39]
seij ¼ 2meff eeijþleff eeiidij, ð6Þ
with the effective elastic parameters1
meff ¼ mmf 2, ð7Þ
Nomenclature
F density of free energy (J/m3)
f excess volume (dimensionless variable)
T temperature of lubricant (K)
eeij tensor of elastic strain (dimensionless variable)
eeii first invariant of strain tensor (dimensionless variable)
ðeeijÞ2 second invariant of strain tensor (dimensionless
variable)
seij tensor of elastic stress (Pa)
meff ,leff effective elastic constants (Pa)
n normal component of stresses (Pa)
t shear component of stresses (Pa)
tf relaxation time for excess volume (Pa s)
eplij tensor of plastic strain (dimensionless variable)
te Maxwell relaxation time of internal stress (s)
eij total tensor of strain (dimensionless variable)
Vij, V velocity of shear of rubbing block (m/s)
h thickness of lubricant (m)
eeij0 stationary value of tensor of elastic strain (dimension-
less variable)
sij total tensor of stress (Pa)
sviscij tensor of viscous components of stress (Pa)
Fij, F friction force (N)
A area of contact of rubbing surfaces (m2)
Zeff effective viscosity of lubricant (Pa s)
g phenomenological coefficient (dimensionless
variable)
k proportionality coefficient (Pa sgþ1)
L load on the top surface of friction (N)
Tc0 temperature of melting of lubricant (K)
Tc
0 temperature of solidification of lubricant (K)
Vc0 critical velocity of rubbing block for melting of
lubricant (m/s)
Vc
0 critical velocity of rubbing block for solidification of
lubricant (m/s)
X coordinate of rubbing block (m)
M mass of rubbing block (kg)
K rigidity of spring (N/m)
V0 velocity of free part of spring (m/s)
DX value of extension of a spring (m)
t,tu time of friction process (s)
1 For f 24m=m , we put meff ¼ 0 and for f 24l=l , we take leff ¼ 0.
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leff ¼ llf 2, ð8Þ
which decrease with melting for increasing f.
It is easy to show that
eeii ¼
n
leff þmeff
, ð9Þ
ðeeijÞ2 ¼
1
2
t
meff
 !2
þðeeiiÞ2
2
4
3
5, ð10Þ
where n, t are normal and shear components of the stresses acting
on lubricant from the side of rubbing surfaces.2 Relationships (9),
(10) relate components of tensors and their invariants of the linear
theory of elasticity [38].
Let us write down the kinetic equation for non-equilibrium
parameter f in the form of the Landau–Khalatnikov equation:
tf _f ¼
@F
@f
, ð11Þ
where relaxation time tf is introduced. In the explicit form it is
written as
tf
@f
@t
¼cr2f2j0f þj1f 3j2f 5 2n
2ðlþmÞf
ðleff þmeff Þ2
, ð12Þ
with the last term showing the dependence of (9) and (10) on f.
We derive the equation connecting the relative velocity of shear
for rubbing surfaces Vij and the elastic strains arising in the
lubricant eeij. For this purpose we use the Debye approximation
relating the elastic strain and the plastic one eplij [5]:
_eplij ¼
eeij
te
, ð13Þ
where te is theMaxwell relaxation time of internal stress. The total
strain in a layer is defined as
eij ¼ eeijþeplij : ð14Þ
This strain fixes the velocity ofmotion of the top block according to
equation [40]:
Vij ¼ h_eij ¼ hð_eeijþ _eplij Þ, ð15Þ
where h is the thickness of lubricant film. The last three relation-
ships give the expression for elastic components of shear strain
[35]:
te _eeij ¼eeijþ
Vijte
h
: ð16Þ
Further, for simplicity, a homogeneous system is considered, and in
Eqs. (1) and (12) we put r 0.
3. Friction force
In view of definitions (3), (6)–(10) the set of kinetic equations (12)
and (16) is closed, it can be used for studying the kinetics of lubricant
melting. In this section we consider the stationary modes of friction
resulting from system evolution. According to (16), in the course of
time, the stationary value of elastic component of shear strain is set in
eeij0 ¼
Vijte
h
: ð17Þ
Forfinding the stationary statesof all quantities it is necessary to solve
numerically the evolution equation (12), using (3), (6)–(10) and
determining the value of strain from (17).
The dependences of friction force on velocity of shear, thickness
of lubricant layers, and load on the rubbing surfaces are often
determined experimentally [1–4,24–26]. Let us analyze how the
lubricant temperature and velocity of shear affect the friction force.
In the course of friction, both elasticseij and viscouss
visc
ij stresses
arise in the lubricant. The total stress in a layer is the sum of these
two components
sij ¼ seijþsviscij : ð18Þ
The total friction force is defined in a standard way:
Fij ¼ sijA, ð19Þ
whereA is the area of contacting surfaces. Viscous stresses in a layer
are given by the formula [40]:
sviscij ¼
ZeffVij
h
, ð20Þ
where Zeff is the effective viscosity determined only experimen-
tally, and in the boundary mode [40]
Zeff ¼ kð_e ijÞg: ð21Þ
Here the proportionality factor k (Pa sgþ1) is introduced. According
to (21), for the pseudoplastic lubricants the coefficient go0, the
dilatant lubricants are characterized by the g40. And in the case
when lubricants areNewtonian liquids g¼ 0 because in accordance
with (21), the viscosity does not depend on velocity. In view of (15),
(21) the expression for viscous stresses (20) is written in the form
sviscij ¼ k
Vij
h
 gþ1
: ð22Þ
After substitution of (18) and (22) in (19) we have the required
expression for the friction force [35]3:
Fij ¼ seijþk  sgnðVijÞ
jVijj
h
 gþ1" #
A, ð23Þ
where seij is defined by formula (6) for ia j.
In experiments, the atomically smooth surfaces of mica are
often taken for the friction surfaces and lubricants are the quasi-
spherical molecules of octamethylcyclotetrasiloxane (OMCTS) and
linear chain molecules of tetradecane or hexadecane [2,3,26]. The
experimental conditions are as follows: the thickness of lubricant
h 109 m, the contact area A 3 109 m2, the load on the top
surface of friction L¼ ð2260Þ  103 N that corresponds to normal
stresses n¼L=A¼ð6:672200Þ  105 Pa. The friction force is
F  ð2240Þ  103 N. In the mentioned experiments it has been
found that the lubricant melts at a temperature above the critical
value T4Tc0  300 K, or at a velocity of shear V4Vc0  400 nm=s.
These values may much differ depending on lubricant and geo-
metry of the experiment.
According to experimental data, the followingvalues of theoretical
constants are chosen for the considered model [35]: F0 ¼ 20 J=m3,
l¼ 2 1011 Pa, l ¼ 108 Pa, m¼ 4:1 1011 Pa, m ¼ 4 1011 Pa,
j0 ¼ 185 J=m3, j1 ¼ 570 J=m3, j2 ¼ 3200 J=m3, a¼ 0:6 J K1=m3,
h¼109 m, tf ¼ 1 Pa s, te ¼ 108 s. Note that the relaxation time of
excess volume tf has the dimension of viscosity. In fact, this means
that the time of reaching the stationary friction mode increases with
the growth of the effective viscosity of the lubricant.
Fig. 1a illustrates how the friction force decreaseswith lubricant
temperature increase. Let us analyze the curve 1 in detail. At first,
with temperature increase to point of phase transition at ToTc0 the
excess volume is equal to zero, therefore, the effective shear
modulus 2meff (7) takes constant value. Since the shear velocity
2 Shear stress t is defined from expression (6) for ia j, i.e. dij ¼ 0. When meff ¼ 0
the term t=meff in (10), should be substituted by 2eeij , according to (6).
3 Here the sign function sgn(x) and absolute value of shear velocity jVijj are
introduced, since Vij can take negative values too.
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is invariable, in accordancewith (17), the constant value of strain is
realized, leading to constant shear stress (6). Thus, the both
components in (23) do not change with temperature increase to
a point of phase transition, and the friction force is constant. When
the temperature becomes higher than the critical value T4Tc0, the
value of excess volume f 2 increases abruptly, and the lubricant
melts and there is a sharp decrease in the total friction force.
If after melting the temperature is increased, the excess volume
increases resulting in the reduction of the shear modulus and, as a
consequence, in a smaller value of the total friction force. With
temperature fall the lubricant solidifies when T¼Tc0. Thus, the
dependence is of hysteretic character that corresponds to the first-
order phase transitions. With the increase in velocity of shear the
lubricant melts at a smaller value of temperature. When the
velocity exceeds the critical value, the lubricant is always liquid-
like independent of temperature (curve 4), and the friction force
decreases with temperature increase owing to the decrease in the
shear modulus (the lubricant becomes more liquid).
Thus, at small temperatures (ToT0c ) there is one zerominimumof
the potential Fðf Þ (solid-like lubricant). In the range of temperatures
T0c oToTc0, together with the specified minimum, two symmetric
non-zerominimaofFðf Þ coexist,4 however, the systemcannot pass to
the state corresponding to those minima since they are separated by
maxima with the zero minimum. At further increase in temperature
T4Tc0 the separating maxima disappear, and according to the
mechanism of the first-order phase transition, the lubricant passes
to the state corresponding to theminimumof potentialwith fa0, i.e.
it melts. If now the temperature is decreased, there appears a zero
minimum and again the system cannot pass to the respective state
because of the presence of separating maxima. With their disap-
pearance at T¼Tc0 the lubricant solidifies abruptly.
Fig. 1b shows a somewhat different behavior. Here, in accor-
dance with (23), at small shear velocities the lubricant is solid-like,
and since f¼0 the value of shear modulus is maximal. In such a
mode an increase in the velocity increases the friction force (23)
due to the increasing viscous and elastic components of stresses.
According to the Hooke law (6), the reason for elastic stress
increasing with growth of shear velocity is the increase in elastic
strain (17). At V4Vc0 the lubricantmelts, and elastic shear stresses
(6) decrease sharply and the total friction force decreases in a jump-
like manner. With further increase in the velocity, the Fij increases
owing to viscous and elastic components of the friction force,which
are always increasingwith the velocity. According to curve 3, in the
liquid-like state the friction force (23) increase due to the increase
in the velocity. With temperature increase the lubricant melts at
lower shear velocities. Note that the results of Fig. 1b qualitatively
coincide with the new friction map for a boundary mode proposed
in work [40] as a result of generalization of experimental data. At
present, thedependences of friction force on temperature similar to
those presented in Fig. 1a are not measured experimentally.
4. Stick–slip mode
The dependences of Fig. 1 have been obtained for the fixed shear
velocity of the top rubbing surface. However, the dynamic character-
istics of real tribological systemsare definedbyboth the friction force,
shown in the figure, and the properties of system as a whole. In
particular, according to experiments, in the hysteresis region of the
dependence in Fig. 1, the interrupted mode of friction (stick–slip)
[2,3,6,8–10,26,37,40] can be realized. The present work is devoted to
the definition of its features. A typical scheme of tribological system is
presented in Fig. 2. Here, the spring of rigidity K is connected to the
block of mass M to which additional normal load L is applied. The
block is located on a smooth surface from which it is separated by a
layerof lubricantof thicknessh. The freeendof thespring isbrought in
motion with a constant velocity V0. Block motion initiates friction
force F (23) that resists its displacement.Generally, for ultrathin layers
of lubricants in a mode of boundary friction the velocities of block V
and spring V0 do not coincide because of the oscillating character of
force F leading to interrupted motion of the block. Such mode
resembles dry friction without a lubricant.
The equation of motion of the top block looks like [2,3,5,6]5
M €X ¼ KDXF: ð24Þ
h
F
K
L V
M
X
V0
Fig. 2. The scheme of tribological system.
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Fig. 1. Dependenceof the stationary valueof the total friction force Fij (mN) (23) on the temperatureof lubricant T (K) and thevelocity of shearVij (nm/s) for g¼ 2=3, k¼1 Pa s5/3,
A¼3109 m2, n¼7105 Pa: (a) curves 1–4 correspond to the constant values of velocities of shear Vij¼500, 800, 1100, 1550 nm/s; (b) curves 1–3 correspond to the fixed
values of temperature T¼200, 255, 310 K.
4 Since f 2 is an observable quantity, theseminima are equivalentwith respect to
friction mode.
5 Further, for conveniencewe omit lower tensor designations since shear in one
direction is considered.
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HereDX is the value of extensionof a springwhich canbedefinedas
DX ¼
Z t
0
V0 dtuX, ð25Þ
where t¼ tu is the time ofmovement of free end of the spring. In the
case, when the value of V0 is not changed in time, Eq. (25) takes the
form
DX ¼ V0tX: ð26Þ
To calculate the time evolution of the friction force, Eqs. (24) and
(25) are solved together with (12) and (16), and the friction force is
defined from (23). However, the relaxation time of strain te, may be
put small compared with that of excess volume tf owing to
lubricant’s thinness [35]. Therefore, within the limits of approx-
imation tf bte, the two Eqs. (24) and (12) are solved jointly and the
strain is defined from (17).
The result of solutionof the specifiedequations is shown in Fig. 3.
According to the figure, at first, the friction force monotonously
increases, since the lubricant is solid-like, and shear velocity V
increases.When the velocity exceeds critical valueVc0, the lubricant
melts and the friction force decreases, the shear velocity of the
rubbing block increases, and it quicklymoves to a large distance. As
a result, the tension of spring and the velocity of shear decrease.
When the velocity becomes less than that for the lubricant to be
maintained in liquid-like state, it solidifies, and the friction force
starts again increasing. The described process is periodically
recurrent. It is worth noting that the velocity, with which the
lubricant solidifies, does not coincide with a similar velocity shown
in Fig. 1. This is because of the sharp increase in the velocity of shear
V at melting and corresponding increase in excess volume f 2.
According to (7), in this case the shear modulus becomes lower
than zero, but it need be considered zero and this deforms the
potential form (1). Thus, in the presence of elastic strain (17),
according to (6), the elastic stresses in the lubricant are equal to
zero. As a result, the friction force decreases, and the lubricant flows.
In Fig. 4, there are dependences of the total friction force F (23),
the excess volume f 2, and the elastic component of the shear stress
seij (6) on the time under V0 increase. Initially, themovement of the
top sheared block (V0¼V01) leads to the increase in friction force at
zero f 2. When the elastic shear stresses reach the critical value, the
shear melting of lubricant is initiated by the first-order phase
transition mechanism. Now, parameter f 2 increases abruptly, and
elastic stresses become equal to zero. And again, there follows the
lubricant solidification since the relative shear velocity of the
friction surfaces decreases (see Fig. 3). When it solidifies comple-
tely, the elastic stresses appear there. And again, subsequent
increase in the stresses leads to the increase in parameter f 2 till
the critical value needed formelting, and the process is repeated. As
a result, the periodic interrupted (stick–slip) mode of melting/
solidificationbecomes steady.With velocity increase toV0¼V02 the
frequency of stick–slip peaks increases because at this velocity
the critical value of stresses is reached more rapidly. Accordingly,
0
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Fig. 4. Dependence of the friction force F (mN), the excess volume f 2, and the elastic
components of shear stressseij (MPa) on the time t (s) for parameters of Fig. 3, normal
stress n¼30105 Pa, and velocities of shear V01¼1800 nm/s, V02¼3500 nm/s,
V03¼4286 nm/s, V04¼4290 nm/s.
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Fig. 3. Dependence of the friction force F (mN), the shear velocity of rubbing surface
V (nm/s), and its coordinate X (mm) on the time t (s) for parameters of Fig. 1,
M¼0.4 kg, K¼480 N/m, T¼250 K, and V0¼2500 nm/s.
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the lubricant melts more rapidly and in the same interval of time
the system succeeds in making a greater quantity of melting/
solidification transitions. With a higher increase in velocity
V0¼V03, the frequency of stick–slip peaks decreases again due to
the appearance of long kinetic sections F¼const in the F(t)
dependence. Note that in this mode, at melting, the excess volume
f 2 initially sharply increases owing to rapid increase in shear
velocity of the top rubbing block V. A smaller value of excess
volume f 2 reached after abrupt initial slip of the rubbing surface at
the expense of releasedmechanical potential energy of compressed
spring corresponds to the stationary kinetic section. With further
increase in velocity V0¼V04, the interrupted mode disappears, and
the kinetic mode of liquid-like lubricant friction is reached. It is
characterized by non-zero value of excess volume f 2 and elastic
stressesseij ¼ 0. Thus, with the increase in velocity, the frequency of
stick–slip peaks first increases, then it decreases due to the
appearance of long kinetic sections, and when value of velocity
exceeds V03 the stick–slipmode disappears. The described behavior
is in a good agreement with experimental data [2,3].
The influence of the external pressure, appliedperpendicularly to
the friction surfaces, on character of lubricant melting is often
studied experimentally [2,3,37]. Such experiments show that pres-
sureeffect on theparameters of tribological systems isnot trivial. For
example, for a lubricant consisting of chainmolecules of hexadecane
the critical velocity of shear decreases with pressure growth, and on
the contrary for spherical molecules of OMCTS it increases [2,3].
Pressure influences the frequency and amplitude of stick–slip
transitions too [2,3]. Within the limits of our model, according to
Eq. (12), the increase in load on the friction surface reduces the
excess volume that should promote lubricant solidification.
In Fig. 5, the time dependence of friction force is shown at
various values of pressure acting to compress friction surfaces. At a
temperature below the critical value (the top panel) the inter-
rupted mode of friction is realized. And with pressure growth the
amplitude of stick–slip transitions and values of kinetic and static
friction force increase; as to the frequency of transitions, it
decreases. At a pressure, corresponding to normal stress n¼n4,
the stick–slip mode is not realized. However, the kinetic mode,
corresponding to lubricant melting, does not set in and the lubri-
cant solidifies because of walls squeezing. As a result, the lubricant
cannot melt, the friction force F is high, it corresponds to solid-
like lubricant and zero value of excess volume f 2, as the squeezing
ofwalls promotes the formation of long-range order of atoms in the
lubricant. In the bottom figure panel, the dependence is for the
elevated temperature T. Here, we have the kinetic mode of friction
corresponding to a small value of the friction force and to non-zero
excess volume f 2. With pressure growth the stick–slip mode is
expected, and with a higher loading the full solidification of the
lubricant is to be observed the same as in the top panel of the
figure for n¼n4. Thus, three modes of friction have been revealed:
(1) the kinetic mode in which the lubricant is always liquid-like;
(2) the interrupted mode corresponding to periodic melting/
solidification; (3) the mode of dry friction characterized by larger
value of the friction force and solid-like lubricant structure. Similar
modes are found alsowithin the framework of stochasticmodel [8].
In Fig. 6, the dependence of friction force on lubricant tem-
perature is shown. Temperature rise leads to the decrease in the
amplitude of friction force oscillations and the change of the
frequency of phase transitions. For T¼T4 the mode of sliding arises
characterized by constant values of kinetic friction force and shear
velocity of the rubbing block. Thus, the temperature growth
promotes lubricant melting. We are not aware of experiments
with a similar study of the temperature effect and the given
dependence is, therefore, predicting.
5. Conclusion
The proposed theory allows to describe the effects observed at
themelting of ultrathin lubricant film in a boundary frictionmode.
The consistent consideration of thermodynamic and shear melting
has been carried out. Dependences of the friction force on the shear
velocity and the temperature, as well as on the pressure upon
surfaces are analyzed. At high lubricant temperature the shear
melting is realized at a smaller value of shear velocity (shear stress),
and with a still higher increase in temperature the lubricant melts
even at zero velocity of shear. The model takes the effect of tem-
perature, shear melting, and pressure into consideration. These are
the major factors investigated experimentally.
Within the framework of the proposed theory, a simple
tribological system has been studied, and the time dependences
of the friction force are obtained for the increasing shear velocity,
pressure, and temperature. It is shown that in the system, in a wide
range of parameters, the experimentally observable intermittent
mode of friction is realized. The obtained results qualitatively
coincide with the known experimental data. Since the model is
quantitative, it may be modified to describe concrete experiments.
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Fig. 6. Dependence of the friction force F (mN) on the time t (s) for parameters of
Fig. 3, velocity V0¼3850 nm, and lubricant temperatures T1¼150 K, T2¼300 K,
T3¼650 K, T4¼800 K.
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Fig. 5. Dependence of the friction force F (mN) on the time t (s) for parameters of
Fig. 3, shear velocity V0¼1600 nm/s, and external normal load n1¼7105 Pa,
n2¼70105 Pa, n3¼100105 Pa, n4¼180105 Pa. The top panel corre-
sponds to the temperature T¼235 K, the bottom one to T¼540 K.
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